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Abstract

The high-temperature (240-31&), Awibenglok geothermal system is hosted by
porous, felsic to intermediate-composition, late Cenozaolicawic rocks intensely altered
to a \ariety of tydrothermal assemblage§Ve have determined xperimentally using
representate samples from scientific coreholeM 1-2, that the fundamental electrical
properties of these cores are controlled not only by intrinsic parbsttglso by mineral-
ogy.

Laboratory electrical impedance measurements on plugs of Wiel”? cores,
evduated in the conié of routine porosity determinations as well as petrographic and
modal-mineralogic analysis, Y& enabled us to identify compositional anctteal fac-
tors afecting the electrical characteristics of these roddectrical formationdctors F)
of the cores follw a typical Archie porosity trend; = @™, with m ranging between -2.6
and —1.8.Aside from porosity we find that the@lhme fraction of illite and mixd-layer
illite/smectite is the dominant control on the resistiof these core samples. An empiri-
cal relationship incorporating porositilite, and chlorite concentrations is found to pre-
dict electrical resistity to £25%, a significant imprement wer the factor of 3 wariation
in predicted resistity using porosity alone.

Intr oduction

The Avibenglok reseroir consists of a sequence ofdnothermally altered lahars,
tuffs and flav units. Ower 1 km of continuous coreas recwered from AVNI 1-2, provid-
ing a unique resource for studying the rese&rkock. Induction log response obsern/in
the sidetrack well WI 1-2 ST#1 &hibits significant ariations in resistity in sections of
the hole with apparently uniform lithologyVhile the temptation might be to attuiie
much of the log ariation to porosity ariation, the laboratory data suggests that this may
not be the caseln order to better interpret the logs, a laboratory study is urayetav
develop a better understanding of the relatioles of porositymineralogy rock type, and
degree of alteration in controlling the electrical properties of the cores.

Sampling stratgy for this study \es motvated by the desire to ddop a baseline
dataset encompassing the major rock types and spanning the entire depth range of the
AWI 1-2 corehole.Table 1 lists the samples reported here, along with their lithologies
and lulk properties.
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Electrical Properties

Measurements of electrical impedance were made as a functideativef@nfin-
ing pressure, brine chemistiand frequeng. The primary brine used for laboratory test-
ing was a 12000 ppm NacCl brine, being selected to approximate the salinity and domi-
nant cationic composition of the brine in the reservThe resulting data set is referred
to here as the routine data set, and will be compared later with specialized measurements
designed to study dependence on brine condtycti

The routine impedance data is presented in terms of the formaibor ),
defined as the resigily of the saturated rock normalized by the resgistiof the pore
fluid. A summary plot of formation attors and "cementation xgonents"
[m =log(F)/log(®)] versus porosity is sk in Figure 1.While a clear trend ifr with
porosity is present (as is typical of most rocks), significant scatter is eldserhisscat-
ter can amount to a 50%anation in porosity for a gen F or a factor of three ariation
in F for a gven porosity No systematic trends with depth or lithology are apparent.
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Figure 1 Logarithm of formation factors and cementation exponents arsus poiosity for
brine saturated core plugs from AWI 1-2. The lines in the left hand figue represent m=-1.8,
-2.2, 2.6 espectvely.

Pressue, Temperature, and Frequency Dependence

While a detailed discussion of the pressure, temperature and frgglegendence
of the electrical properties is ymnd the scope of this papéris important to summarize
the basic findings to pvale the contet for interpretation. Pressure and temperature
dependence of F is in general reldf small, indicating that the obses scatter should
be persistent at all depth&requeng dependence isariable and can lead to reladly
strong dispersions at logging frequencigssome cases, there is a clear association with
strong dispersion and the presence of disseminated sulfides in the sample. When the
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disseminated sulfides are of relaly uniform size distrilation, the &pected narn band
response is obsezd, while for more complicated size distritons, the frequerycdepen-

dence is more difise as is xpected from theory (see aifg [1979], for background).
Strong dispersions are also seen in some samples without concentrations of opaque min-
erals, indicating that clay related mechanisms are also prd®egardless of mechanism,

the avallable data suggests that the obserdispersion, which can lead to a 20% reduc-

tion in F between 1 Hz and 10 kHz, is reldlly insensitve o changes in pressure or tem-
perature. Puttinghese obseations into the conig of this paperthe pressure, tempera-

ture, and frequenycdependence are all second ordde&s on F when compared to the
obsered scatter between F afd(which is the primary subject of discussion here).

Mineralogic Controls

lllite and chlorite concentrations for selected samples were measured by whole
rock XRD analysis.Cross-plotting grious electrical impedance attites with the ail-
able mineralogic data has yieldedotvsuggestve trends. The cementatiorxmonent
m = log(F)/log(®) exhibits weak correlations with illite and chlorite concentration (Fig-
ure 2). The data suggests that illite correlates with Fofor a gven porosity while chlo-
rite exhibits the opposite association.
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Figure 2 Cross plots of poosity, m, and illite and chlorite concentrations.
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In order to bgin quantifying the potential role of mineralogy in influencing the
electrical properties, we start by searching to find a best fitting empirical relationship that
minimizes the dierence between measured and predictddes of F. Based on the
obsenations in Figures 1 and 2, we chose the empirical form

F,=®"+BI+CX+D (1)

where® is the porosity antlandX are the illite and chlorite contents in weight percent.
We then find A, B,C, and D which minimize > (log[F ] —Iog[Fp])z, where F, is the
measured formatiora€tor andr , is the predicted formatioraftor Figure 3 presents the
results after allwving each term to contnibe. Note that there is significantly less scatter
between the predicteceksus measuredalues than between the measured formaton f
tors \ersus porositysuggesting that the mineralogic controlsfmre significant.
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Figure 3 Cross plots oflog[F,] versus log[F ] based on equation 1 withA=-2.17
B=-2.09C=0.7Land D =15.9

The Effectof Brine Chemistry on Electrical Properties

The results in Figure 3 indicate that illite plays an important role in increasing the
resistvity of these samplesOne possibleplanation is that the enhanced conduitti
results from the suate conductity of illite. Also a possibility is that there is axtaral
control related to illite, such as a decreased tortuosity as illite content incréasede-
pendently test these ideas, a number of specialized measurements were made to constrain
the amount of suaice conduction in selected sampldsvo types of &periments were
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performed aimed at characterizing the brine dependence of the sample ettgducti

The first set of periments imolved analysis of closely spaced sub-cores, each sat-
urated with a dferent brine. Three samples ofavious lithology were selected, based in
part on their visual homogeneityfhe subcores wheresen dried (at 70°C under \acuum
for 24 hours) and subnged in jars of either NaCl or KCI brines o&rying strength.
Imbibition of brine was monitored by periodically weighing the samples. Afterva fe
days, when the imbibition of the brine hadvebal to an undetectablevkt, the electrical
properties of each sample were measured.

A summary plot of computed sample conduitiees versus fluid conduatities is
shavn in Figure 4. A clear trend with brine concentration is seen, indicating general
agreement with a &Wman and Smits [1968] type conduityi relationship. Brine com-
position does not appear tovieaa $rong influence on electrical properties witlo appar
ent diference between the NaCl and KCI saturated samp@iss included in Figure 3
are results from the routine data set, indicating that the imbibition method of saturation
has not biased the resulthe results for each sample can be parameterized by the rela-
tion

Cmple = Csurface + Cbrine/F* (2)
whereCgpypies Caurface: Nd Ciyrine are the sample, sade, and brine conduetlies respec-
tively, and F* is a modified formationaictor describing the resigity of the porous sys-

tem in parallel with a suste conductity element. Similarly, a surface conductity cor-
rected Archie @ponentm’ can be defined asn = log(F")/log(®)].

0.075
Il 3203-3204
@ 4289-4290
A\ 5480 H
0.06
E
L 0.045 n °
[}
= u ]
£ u A
G 0.03
3 [ |
0.015 1 M 6 é
g ; &
0
0 1 2 3 4 5

Cbrine (S/m)

Figure 4 The effect of brine chemistry and stength of the electrical conductrity and for-
mation factor of three tydrothermally altered samples fom AWI 1-2.

In order to supplement this data set, a second procedageused to obtain the
same sort of information on indidual sub-cores. Saturated samples from the routine data
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set were submged in a lage wlume of tap \ater with the tap vater being refreshed
periodically The tap vater conductity was monitored to indicate leaching of salts from
the samples. Once no further leachirmpwietected, the samples were retested. Assuming
the samples beka acording to Equation 2, a constraint 64, IS obtained. From
these tw data setsCq, e F , andm were computed and are presentedahl@ 2.

Plotting Cq,t.ce Versus illite content (Figure 5) produces a suggestend indicat-
ing that a sudce conductity contribution is influenced by illite concentratiof®lotting
F* andm’ versus porosity hoever, we gill do not produce well defined trends (Figure
6). This implies that the porosity and/oktigral contritution to the sample resigities is

intrinsically variable. A weak decreasefim with increasing porosity is suggested by the
data.
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Figure 5 Inferred Cg,ce VErsus weight pecent illite for selected samples tm AWI 1-2
(see Bble 2).

A simple plysical model that results is that of a porous matrix with brine conduc-
tivity defined by an Archie relationship’ = ®™ with m" weakly dependent on porosity
in parallel with a sugce conductity element (independent of brine concentration)
which is proportional to the abdance of illite in the sampld-dowever, this interpreta-
tion cannot fully &plain the success of Equation 1 in predictihgo +25%. While sur
face conduction enhanced by illite appears to be an important conduction mechanism,
there also appears to be atteal component, agn apparently associated with illite con-
tent, that plays a more significant role in influending
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Figure 6 L ogarithm of F~ and m versus porosity for selected samples &im AWI 1-2. Also
for reference, F and m are plotted for the same samples (squas) and the cuve
F = ® 217+ 15. 9 which is the non-mineralogic terms fom Equation 1 (see Figue 3.

Conclusions

We havefound that the electrical properties of core samples frovh 22 gener
ally follow an Archie type relationship with porosjtiput that significant scatter in the
relationship gists. An empirical model oF dependent on porosjtyllite, and chlorite
content significantly impnges the prediction ofF. Independent>@eriments also indi-
cate a sudgce conductity which is roughly proportional to illite contentytthis surce
conductvity term cannot in itselfx@lain the empirically obseed dependence &f on
illite. This indicates that tdural controls orf-, which appear in someay to be associ-
ated with the alindance of illite and chlorite, must lead to much of the olkseseatter in
electrical propertiesBetter knavledge of this relationship will lead to enhanced interpre-
tation of induction logs andkploration data.
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Table 1: Samples and Bulk Properties
Sample Depth Lithology Porosity F
m
2520 _0a 768.10 Lahar 0.151 95
2541 7a 774.71 Lahar 0.187 61
3035 _0a 925.07 Dacite_Autobreccia 0.135 39
3100_1a 944.91 Dacite_Autobreccia 0.138 44
3204_1b 976.61 Tuff 0.156 43
3204_1b 976.61 Tuff 0.157 44
4072_7a  1241.36 Lahar 0.122 78
4072_7b  1241.36 Lahar 0.136 58
4125 3a 1257.39 Lahar 0.103 167
4125 4a  1257.42 Lahar 0.104 209
4218 0a 1285.65 Lahar 0.108 126
4290 _0Ob  1307.59 Lahar 0.104 98
4290 2a 1307.65 Lahar 0.119 92
4290 _3a 1307.68 Lahar 0.115 104
4504_4a  1372.94 Andesite 0.191 362
4789 O0a  1459.69 Andesite 0.126 151
5091 la 1551.77 Lahar 0.172 31
5110_1a 1557.59 Andesite 0.094 172
5480 _Ob 1670.3 Tuff 0.142 91
5513 6a 1680.55 Lahar 0.132 110
Table 2: Samples for Specializedsting
Sample Porosity Illitet  Chlorite  F m Caurface
- - wit% wit% - - mS/m
2520 _0a 0.151 0 13 1146 -251 2.69
2541 7a 0.187 0 2 719 -255 3.77
3035_0a 0.135 23 3 60.8 -2.05 141
3203-3204% 0.157 18 10 60.8 -2.22 13.0
4125 4a 0.104 3 19 192.0 -2.31 0.85
4289-4290% 0.119 2 21 108.2 -2.20 3.12
5480% 0.110 7 25 126.8 -2.19 5.65
5513_6a 0.131 10 16 118.7 -2.35 1.07

T includes mied layer lllite/Smectite
¥ data from multiple samples




